turbine engines.
The recirculated hot gas is eliminated by the judicious placement of a bypass duct which transfers gas from one end of the rotor to the other. The resulting cycle, when analyzed numerically, yields an absolute mean rotor temperature 18% below the already Fig. 1 , is attractive in that, aside from the difficulty of partial to full annular transition ducts, it can be readily integrated into existing gas turbine engines as another spool s .
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through-flow wave
The term 'through-flow' refers to the general tendency for all of the flow entering the wave rotor to completely traverse the passage before exiting. In other words, the flow comes in one end and out the other.
In contrast, reverse-flow cycles draw gas through one port and discharge it through another at the same end of the rotor. For example, with reference to Fig. 1 , air enters through port 1 but is sent to the combustor through port 3. Each gas stream entering the passages thus tends to remain closer to one end of the rotor.
In principle, through-flow designs take full advantage of the cooling capabilities of wave-rotors because each passage is alternately washed by hot then cold gas passing over its entire length. Estimates of the rotor wall temperature in a through-flow wave rotor designed for an overall stagnation temperature ratio (T0dTm in Fig. 1 ) of approximately 2.2 indicate that it is relatively uniform along the entire passage and that it is roughly equal to the downstream turbine inlet temperature. For most wave rotor designs this is 20-25% below the combustor exhaust temperature! In a representative small wave rotor topped gas turbine engine application, this amounts to a 660 R difference between rotor wall and combustor exit temperature. This estimate was made using a one-dimensional CFD code developed specifically for wave rotor analysis. 4
NASA/TM--1998-206971 While this is an impressive degree of cooling, in many engine topping applications the rotor temperatures would still be at levels requiring additional cooling if the rotor were composed of conventional materials.
Furthermore, the current through-flow design contains a gas path in which the flow going to the combustor is a mixture of both fresh compressed air and recirculated hot gas from the combustor. This is illustrated in Fig. 2 which shows a wave diagram for the rotor passage as it rotates through a complete wave cycle (i.e., an x-t diagram where t represents either time or circumferential position of a rotor passage). The solid lines in the figure represent the trajectories of selected wave fronts. The dashed lines represent selected particle paths.
It is evident that not all of the hot gas which enters the rotor from the combustor is discharged from the port leading to the downstream turbine (port 4). As such, when a passage reaches the port leading to the combustor, the remaining hot gas is first discharged, followed by the compressed fresh air brought on board from the inlet duct (port 1). These hot and cold gases generally mix in the duct, and the resulting flow can be too hot to cool the combustor liner. This paper will describe a new through-flow cycle which overcomes the exhaust gas recirculation problem through the use of a strategically placed bypass duct which transfers some of the working fluid from one end of the wave rotor to the other. The resulting cycle, after 
Bypass Cycle Description
The new cycle is illustrated in Fig. 3 which, in the manner of Fig. 2 , is an x-t diagram for a complete wave cycle. Fresh air enters the rotor through port 1 and is compressed by a series of shock and compression waves. Most of the compressed air then exits the rotor via the port leading to the bypass duct. A small amount of the compressed air leaves through the port leading to the combustor.
Note that the amount of gas going to the bypass loop is adjustable in the design process. That is to say, cycles may be designed such that some EGR still exists, though not as much as is shown in Fig. 2 . The particular cycle shown in Fig. 3 represents the minimum EGR, or alternately, the maximum useful cold bypass flow. The cycle design process is similar to that described in Ref. 3 and will not be presented here.
Compressed air in the bypass duct is then routed to the other end of the rotor and re-injected via a duct located NASA/TM--1998-206971 just aft of the duct coming from the combustor. This air is then expanded, along with the hot gas which came from the combustor, by the strong expansion wave generated in port 4. The expansion process purges the the hot gas from the wave rotor passage, but leaves the bypass air on board. With the subsequent compression wave process, the bypass gas is sent to the combustor through port 2 along with a small amount of fresh compressed air. This air is then heated in the combustor and returned to the rotor through port 3.
Comparing
Figs. 2 and 3, several salient features may be observed.
First, the portion of the passage which, in the conventional four-port cycle, is filled with hot recirculated gas from the combustor is now occupied by relatively cool fresh air from the bypass loop. This is the primary mechanism leading to improved rotor cooling. Second, all of the flow going to the combustor is relatively cool fresh air. Table 1 lists, for a particular 4.8 lbm/s wave rotor described in the following section, the mixed (i.e., averaged over the width of the port) stagnation pressure and temperature, and the mass flow rate in each port, relative to the inlet state, for the computed bypass and conventional four-port cycles. The gas in port 2 of the bypass cycle is 20% cooler than that in the conventional four-port cycle.
It may appear from Fig. 3 The general result of interface spreading is that some hot gas can enter ports intended for cold flow, and vice-versa.
Since the interface spreading due to finite passage widths is modeled in the CFD simulation used for this paper, the effects are seen in Table  1 '. Like the heat transfer phenomena, calculated compression efficiencies appear reduced while expansion efficiencies appear increased.
Simplified Bypass Alternative The gas conditions in port 2 and in the port leading to the bypass duct are relatively close to one another. It may therefore be beneficial to simplify the bypass cycle by eliminating the duct wall that separates them and allow the two streams to mix.
This configuration is illustrated in Fig. 4 . The two streams coming from port 2 are mixed to an average state (within the simulation this is done using a constant area mixing calculation 9) and then split somewhere downstream, prior to the combustor.
As would be expected, performance of this * Modifications to the boundary conditions of the onedimensional, CFD simulation used for this investigation have been made which allow computation when the passage is simultaneously exposed to more than one port. This occurs for example as the passage moves from port 3 to the port leading from the bypass duct in Fig. 3 . These modifications have not been published as of this writing. cycle is nearly identical to the original bypass configuration illustrated in Fig. 3 . For reference, the gas states and port mass flow rates at the design point are listed in Table 2 , in a manner similar to Table 1 , for the original and simplified bypass cycle.
Reverse-Flow Alternative
Although the focus of this paper is primarily on through-flow cycles, it is noted in passing that the bypass modification can be implemented in a reverseflow cycle as well. This is shown in Fig. 5 The overall stagnation pressure ratio, P0dP01 is the same as the through-flow cycle shown in Fig. 3 . Unlike the through-flow cycle, a conventional four-port, reverseflow cycle, exhibits no EGR phenomenon. Instead, a mass of hot gas is perpetually trapped within each rotor Pin Figure 6 Simulation schematic.
passage (the same mass that in a conventional throughflow cycle gives rise to the EGR) and never leaves)
The bypass cycle eliminates this problem, allowing all of the gas which enters the wave rotor to eventually leave.
Overall Performance
In order to realistically assess wave rotor performance, specific flow requirements must be selected. Those selected for this paper were a mass flow rate of 4.8 Ibm/s, a ratio of exhaust to inlet temperature (T0dT01 in Fig. 1 ) of 2.2, and inlet conditions corresponding to an upstream compressor pressure ratio of 7.8. Both a fourport, through-flow and a bypass cycle were designed using the same rotor geometry, and requirements in order to allow direct performance comparison. In fact, the rotor geometry (e.g., length, mean radius, number of passages, etc.) was taken from a previously published four-port, through-flow design. 4'_ As such, no optimization of the bypass cycle was performed in the manner of Ref. 3; only the port positions and rotor speed were varied to obtain correct wave timing. Both the four-port and bypass cycles were designed to be freewheeling, meaning that there is no independent drive motor.
Torque is assumed to be generated by changes in angular momentum as the flow in the inlet ducts is turned from the duct angles to follow the walls of the rotor. Windage effects are neglected in the modeling; however, they are expected to be low for the rotor speeds and geometries of most pressure-gain wave rotor designs.
Friction arising from bearings is also neglected. If the sum of the torque generated by the three inlet ducts is zero, the rotor speed is constant.
A schematic of the simulation components used to predict the wave rotor performance is shown in Fig. 6 .
The components have been documented in Refs. 4 and 6. The inlet gas state, exhaust valve area, and heat addition rate (i.e., fuel flow rate) were variables. For the performance predictions, the inlet gas state was kept constant at the design point value.
NASA/TM--1998-206971 4 It can be seen from Fig. 7 that the computed performance of the bypass cycle is somewhat better than the four-port design along the entire operating line.
The improvement is most likely because the bypass cycle is, fortuitously, a more optimal design. Reference 3 suggests an optimal rotor speed which is below what was used in the present investigation, for a four-port, through-flow wave rotor with nearly the same flow requirements. The optimal speed was not used because it would have resulted in substantial period of time during which both ends of the rotor passages were adjacent to endwalls. This could lead to unnecessarily high leakage losses. Thus, the design four-port, through-flow rotor speed was increased in order to eliminate the extra endwall space. In order to ensure correct wave timing however, the bypass cycle required a speed reduction back toward the original optimal configuration.
The two cycles are expected to perform equivalently when each is optimized, as long as leakage losses can be minimized.
The performance of the bypass cycle appears to drop off more rapidly than the four-port cycle at the lower heat addition rates when the corrected mass flow rate is reduced.
Since numerically simulations have indicated that operation of the wave rotor in regions where the slopes of the curves in Fig. 7 are positive may lead to instabilities 4, this observation may mean that the bypass cycle is more susceptible to unstable operation near idle than the four-port cycle; however, this is by no means a definitive result.
The computed design point distribution of wall temperature along a passage for the through-flow, fourport, the through-flow, bypass, the simplified bypass, and the reverse-flow, bypass cycles are shown in Fig. 8 . 
Combustor Pressure Drop
A difficulty of the bypass cycle, which has also been noted on the reverse flow four-port cycles, is the large combustor pressure drop required to properly balance the wave cycle. Examination of Table 1 shows that for the through-flow, four-port cycle, the combustor pressure drop, Ap0/P02 is 8.8%, while on the bypass cycle it is 11.1%.
It may be argued that the complex ducting of the wave rotor will incur a larger loss than the usual 3-5% seen on conventional turbomachinery combustor sections, but it is difficult to envision values as large as those required by the bypass cycle.
Interface Distortion
A third potential issue with the bypass cycle involves the structure of the hot/cold interface. That is the regions of the gas path when hot flow is roughly adjacent to cold. These occur in both the four-port and bypass cycles and can be seen in Fig. 2 between the compressed flow from the inlet port and that coming from the combustor, and between the combustor EGR gas and that coming on board the rotor from the inlet.
In Fig.3 
